Nitrogen (N), phosphorus (P), and potassium (K) exert various effects on adzuki bean yields. Our research was conducted in a semi-arid area, and four test sites were established in environments that have chernozem or sandy loam soils. During a five-year period, the effects of N, P, and K fertilizers on yield were comprehensively investigated in field trials (2014-2016) and for model-implementation trials (2017-2018), with models established prior to the latter. In the field trials, 23 treatments comprising different N, P, and K combinations significantly affected both yield and yield components, and regression analysis indicated that the experimental results were suitable for model establishment. The model subsequently demonstrated that the yield and the yield components were more sensitive to N and K fertilizer than to P fertilizer. Moreover, the yield and yield components increased. These yield increases were intense in response to the 0.5 to 1.34 levels in terms of the single effects; interaction effects; and the effects of combinations of N, P, and K fertilizers. Moreover, the effects of combinations of N, P, and K fertilizers were more significant on yield than were the single or interaction effects of N, P, and K fertilizers. The optimal fertilizer combination that resulted in high yields (≥1941.53 kg ha −1 ) comprised 57.23-68.43 kg ha −1 N, 36.04-47.32 kg ha −1 P 2 o 5 and 50.29-61.27 kg ha −1 K 2 O. The fertilizer combination that resulted in the maximum yield was 62.98 kg ha −1 N, 47.04 kg ha −1 P 2 o 5 and 59.95 kg ha −1 K 2 O (N:P 2 o 5 :K 2 O = 1:0.75:0.95), which produced the model-expected yield in trials at multiple sites. An economical fertilizer combination was determined on the basis of the best fertilizer measures in consideration of the cost of fertilizer and seed; this combination achieved yields of 2236.17 kg ha −1 , the profit was 15,653.16 Yuan ha −1 , and the corresponding rates were 57.60 kg ha −1 N, 47.03 kg ha −1 P 2 o 5 , and 31.64 kg ha −1 K 2 O (N:P 2 o 5 :K 2 O = 1:0.82:0.55).
Results

Effects of different combinations of N, P, and K fertilizers on yield and yield components.
Differences in the results for each year were not significant; however, the yield in treatments 5 and 14 was significantly (P < 0.05) lower than that in the other treatments, and the yield in treatments 4, 11, 13 and 6-9 was highly significant (P < 0.01) lower than that in the other treatments. With respect to the number of pods per plant, treatments 4-9 and 11-14 yielded significantly (P < 0.05) lower values than did the other treatments, and with respect to the number of seeds per pod, treatments 1, 5, 8, 10 and 15-23 yielded significantly (P < 0.05) lower values than did the other treatments. Additionally, with respect to 100-seed weight, treatments 5-9 and 11-13 yielded significantly (P < 0.05) lower values than did the other treatments. The maximum yield was 2311.90 kg ha −1 and was attained in response to level 1 of each N, P 2 (Table 1 ).
Regression-based relationships between N, P, and K fertilizers and yield and yield components.
Regression analysis based on the field research yielded the following four equations for expected yield (1), number of pods per plant (2) , number of seeds per pod (3) , and 100-seed weight (4) in response to N, P, and K fertilizer. The regression analysis results are shown in Table 2 . All the P-values of the above four equations were 0.0001, indicating significance (P < 0.01); thus, the mathematical models exhibit good adaptability. The P-values of the misfit for each equation were 0.2073 (1), 0.1437 (2) , 0.1833 (3) , and 0.2499 (4) and were not significant (P > 0.05); these results indicated that the influences of external factors on the experimental results could be ignored. Therefore, the four regression models were suitable for assessing the effects of N, P and K fertilizers on yield and yield components.
According to the absolute values of the regression coefficients of the above four equations, the relative magnitudes of the effects of N, P, and K fertilizers on yield, number of pods per plant, number of seeds per pod, and 100-seed weight were N > P > K (1), N > K > P (2), K > N > P (3), and N > K > P (4), respectively. The relative effect sizes of the interactions of N, P and K fertilizers on yield, number of pods per plant, number of seeds per pod and 100-seed weight were NK > NP > PK (1), NP > = NK > PK (2), PK > NP > NK (3), and NK > NP > PK (4), respectively.
Single effects of N, P, and K fertilizers on yield and yield components. N, P and K fertilizers had highly significant effects (P < 0.01) on both yield and number of pods per plant ( Table 2 ). As shown in Fig. 1a ,b, however, the yield and number of pods per plant increased to a significantly greater degree in response to N and K fertilizers at levels of −1.68 to 0.5, and the effect of increased P fertilizer on the two indexes was relatively smooth. However, at fertilizer levels of 0.5 to 1.68, unlike the pattern observed in response to N and P fertilizers, the yield and number of pods per plant strongly decreased with increasing K fertilizer. The increased yield and number of pods per plant were attained in response to N and P levels of −0.5 to 1.68 and K fertilizer levels of −0.5 to 1.34.
K fertilizer had a significant (P < 0.01) effect on number of seeds per pod, whereas the N and P fertilizers had no significant (P > 0.05) effect on this variable ( Table 2 ). As shown in Fig. 1c , the effects of the N, P, and K fertilizers on the number of seeds per pod were not significant; the number of seeds per pod remained at similar values between the fertilizer levels of −1.68 to 0 and 0 to 1.68. N and K fertilizers had significant (P < 0.01) effects on 100-seed weight, whereas P fertilizer did not (P > 0.05) ( Table 2 ). As shown in Fig. 1d , N, P, and K fertilizers at levels of −1.68 to −1 had inconspicuous effects on 100-seed weight; however, at N, P, and K levels of −0.5 to 1.68, the effects on 100-seed weight were much greater, especially in response to the N and K fertilizers.
Interaction effects of N, P, and K fertilizers on yield and yield components. The interaction between N and K fertilizers had significant (P < 0.05) effects on the yield, number of pods per plant and 100-seed weight. However, the interactions between P and K fertilizers had no significant (P > 0.05) effects on these variables, and the interactions between N and P fertilizers had no significant effect on yield or 100-seed weight ( Table 2 ). The N and K interaction had a significant effect on the yield, number of pods per plant and 100-seed weight in response to N and K fertilizer levels ranging from −0.5 to 1.68 (Figs. 2b,e and 3e). Table 1 . Primary field data from the quadratic orthogonal rotation combination experimental design. The differences among years are not significant, with P-values of 0.3082, 0.2655, 0.4782 and 0.2183; the differences in each treatment are significant, with P-values of 0.0001, 0.0001, 0.0168 and 0.0001. The differences in the mean values of each treatment indicated by a, b and c are significant (P < 0.05). The differences in the mean values of each treatment indicated by A, B and C are highly significant (P < 0.01).
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www.nature.com/scientificreports www.nature.com/scientificreports/ The interaction between N and P had significant (P < 0.05) effects on the number of pods per plant and the number of seeds per pod. Moreover, the interaction between P and K had highly significant (P < 0.01) effects on the number of seeds per pod, whereas that between N and K did not (P > 0.05) ( Table 2 ). The interaction between Table 2 . Analysis of variance of the effects of N, P, and K fertilizers on yield and yield components. The data shown are from the results calculated by software. X 1, X 2, and X 3 represent N, P, and K fertilizers, respectively. *Indicates significance (P < 0.05), and **indicates high significance (P < 0.01). N and P had a prominent effect on the number of pods per plant at N and P fertilizer levels ranging from −0.5 to 1.68 ( Fig. 2d ). With respect to the number of seeds per pod, N at levels ranging from −1.68 to 0 interacted strongly with P at levels ranging from 0 to 1.68, and N at levels from 0 to 1.68 interacted strongly with P at levels from −1.68 to 0. Similarly, P at levels ranging from −1.68 to 0 interacted strongly with K at levels from 0 to 1.68, and P at levels of 0 to 1.68 interacted obviously with K at levels of −1.68 to 0. However, the interaction effects of N and P and of P and K on the number of seeds per pod exerted no pronounced differences at high or low levels of N and P fertilizers and of P and K fertilizers, respectively (Fig. 3a,c) .
Source of variation
Degrees of freedom
Optimal fertilizer combinations. According to the 95% confidence intervals for yield, the N fertilizer interval for high yield (≥1941.53 kg ha −1 ) ranged from 57.23-68.43 kg ha −1 , and the corresponding N fertilizer levels was 0.75 to 1.23, which lay within the range of the 0.5 to 1.34 levels. The P fertilizer interval was 36.04-47.32 kg ha −1 , which corresponded to P fertilizer levels of 0.37 to 1.01 and was located within the range of the 0 to 1 levels, and the K fertilizer interval was 50.29-61.27 kg ha −1 and corresponded to K levels of 0.56 to 1.06, corresponding to the 0.5 to 1.34 levels ( Table 3 ). The 95% confidence intervals for number of pods per plant revealed that the N fertilizer interval for a relatively high numbers of pods per plant (≥24.13) was 56.55-67.91 kg ha −1 , corresponding to 0.73 to 1.20, which was located within the 0.5 to 1.34 levels. Similarly, the P fertilizer interval was 35.66-47.32 kg ha −1 , corresponding to 0.35 to 1.01, which lied within the 0 to 1 fertilizer level range. Last, the K fertilizer interval was 48.60-59.81 kg ha −1 , and the corresponding levels were 0.49 to 0.99, representing the fertilizer levels of 0.5 to 1 ( Table 3 ). The 95% confidence intervals for the 100-seed weight indicated that, to achieve a high 100-seed weight (≥10.76), an N fertilizer amount of 59.24-70.35 kg ha −1 was needed, which was within the levels of 0.49 to 1.31, likely corresponding to the levels of 0.5 to 1.34. The P fertilizer amount needed (24.06-34.94 kg ha −1 ) was achieved in response to levels of −0.31 to 0.31, corresponding to the −0.5 to 0.5 interval, and the K fertilizer amount needed (30.49-58.88 kg ha −1 ) was achieved in response to levels of −0.31 to 0.95, corresponding to levels of −0.5 to 1 ( Table 3) .
The 95% confidence intervals indicated that the N, P, and K fertilizer intervals for a high number of seeds per pod (≥8.48) were 32.13-43.61 kg ha −1 , 23.33-31.78 kg ha −1 , and 29.22-40.06 kg ha −1 , respectively, corresponding to levels of −0.37 to 0.17, −0.35 to 0.12, and −0.37 to 0.11, respectively, which were within the levels of −0.5 to 0.5 ( Table 3 ).
Fertilizer combinations for maximum yield and yield components. Frequency analysis revealed 28
fertilizer combinations that resulted in high yields ( > 1941.53 kg ha −1 ) and 27 combinations for achieving high number of pods per plant ( > 24.13). Under these combinations, the effects of N, P, and K on the yield and number of pods per plant were apparent primarily at the 0 to 1.68 levels. The most influential fertilizer levels included level 1 for N (62.98 kg ha −1 ), P 2 O 5 (47.04 kg ha −1 ), and K 2 O (59.95 kg ha −1 ) for yield and included level 1 for N (62.98 kg ha −1 ) and P 2 O 5 (47.04 kg ha −1 ) but level 0 for K 2 O (37.60 kg ha −1 ) for number of pods per plant (Fig. 4) . The combinations with the most influential components among the three fertilizers generated the greatest yield (2333.42 kg ha −1 ) and number of pods per plant (27.66) ( Table 3) .
With respect to 100-seed weight, there were 28 fertilizer combinations that resulted in high values ( > 10.76); for these combinations, the firm range for N and K fertilizers was 0 to 1.68 and that for P fertilizer was −1 to 1. The most influential fertilizer comprised N at the 1.68 level (78.99 kg ha −1 ), a P 2 O 5 at the 0 level (29.50 kg ha −1 ), and K 2 O at the 1 level (59.95 kg ha −1 ) ( Fig. 4) ; the greatest 100-seed weight (12.51 g) was achieved with the combination of the same three fertilizer levels (Table 3) .
However, with respect to the number of seeds per pod, there were 106 fertilizer combinations that achieved high values (≥8.48), and the results under the high fertilizer conditions and the no N, P, or K fertilizer conditions were similar (Fig. 4) . The maximum number of seeds per pod was 11.87 at the −1.68 level (0 kg ha −1 ) of N, the −1.68 level (0 kg ha −1 ) of K 2 O and the −1 level (15.25 kg ha −1 ) of K 2 O (Table 3) .
Economical fertilizer programme. To identify the most economical fertilizer programme, the cost of fertilizer and the price of adzuki beans must be considered. The price of adzuki beans in this study was 7 Yuan kg −1 . After the cost of fertilizer was removed, the equation for the net profit substitution model was calculated as follows: Partial equations of the above equations were obtained. The partial derivatives of the elements X 1 (N), X 2 (P), and X 3 (K) were equal to zero, and the following equations were obtained: Under the conditions −1.68 ≤ xi ≤ 1.68, the most economically beneficial bean fertilizer combination was determined. By determining that X 1 = 0.7709, X 2 = 0.9994, and X 3 = −0.2666 and inserting these values into the formula, we obtained values of 57.60 kg/ha −1 N, 47.03 kg/ha −1 P 2 O 5 and 31.64 kg/ha −1 K 2 O for the N:P 2 O 5 :K 2 O ratio = 1:0.82:0.55. The optimum fertilizer ratio was therefore 1:0.82:0.55, the resulting yield was 2236.17 kg/ha −1 , and the profit was 15,653.16 Yuan. 
Discussion
Previous researchers on N, P, and K fertilizers applied to leguminous species or other crop species have limited their investigations to short-term data collection with narrow treatment settings for establishing fertilizer combinations, and relatively little data exploration has occurred [26] [27] [28] [29] [30] . Hence, research on determining reasonable N, P, and K levels to apply to optimize adzuki bean yield quality is necessary. We explored the effects of N, P, and K fertilizers via multiple approaches. Our primary field research led to the development of a stable database, a fertilizer model was constructed to provide optimal amounts for achieving high yields, and multipoint production trials validated the model predictions.
The quadratic orthogonal rotation combination design applied in the field research was effective for determining the fertilizer combination that resulted in the greatest adzuki bean yield in our study. On the basis of the significant performance of the different combinations of N, P and K fertilizers in the field trail, and the fertilizer combination for achieving maximum yield (2311.90 kg ha −1 ) in the field research was at 1 level of N, P 2 O 5 and K 2 O. These results constitute a reliable data foundation for model establishment. The fertilizer model was constructed via assessment of the comprehensive performance of single and interaction effects among the various fertilizers. Last, the optimal combination of N, P, and K fertilizer was ultimately obtained.
The single effects of N, P, and K fertilizers in our model indicated that the yield and number of pods per plant were more sensitive to K fertilizer than to N and P fertilizers, and the results indicated that increasing the application of N and K significantly increased the 100-seed weight 31, 32 . Moreover, we found that the number of seeds per pod responded significantly only to K, which has also reported for dry bean species 32 . The outstanding performance resulting from K fertilizer revealed that K application might be a viable strategy for improving yields, as reported previously 33 Previous studies have shown that high numbers of pods per plant, numbers of seeds per pod and 100-seed weight are considered yield quality characteristics of adzuki bean 34 , in our model, these three components increased. Increased yield, number of pods per plant, and 100-seed weight were intensively obtained at the 0.5 to 1.34 levels in response to single and interaction effects of N, P, and K fertilizers. However, with respect to the number of seeds per pod, the effects of N, P, and K fertilizers did not differ between the low and high levels ( Figs. 1-3 ). Frequency analysis of N, P, and K for the optimal fertilizer combination revealed that the values associated with the number of pods per plant and the 100-seed weight were in accordance with those of yield, with influential effects of N, P, and K fertilizers occurring at high levels (0 to 1.68). With respect to the number of seeds per pod, no significant N, P, and K effects were observed between the −1.68 to 0 and 0 to 1.68 intervals. Furthermore, the optimal fertilizer combination of 57.23-68.43 kg ha −1 of N, 36.04-47.32 kg ha −1 of P 2 O 5 and 50.29-61.27 kg ha −1 of K 2 O for high yield (≥1941.53 kg ha −1 ) corresponded to the 0.5 to 1.34 levels of the N, P, and K fertilizers. Overall, the above results demonstrated that the high yields were achieved under the single and interaction effects and under the effects of optimal combinations of N, P, and K fertilizers at the same interval (0.5 to 1.34 levels). In particular, the combinations of N, P, and K fertilizers had a more significant effect on yield than did the single or interaction effects of N, P, and K fertilizers, which are also indicated in other articles 35, 36 .
In our study, the optimal fertilizer combination for maximum yield (2333.42 kg ha −1 ; N:P 2 O 5 :K 2 O = 1:0.75:0.95), 62.98 kg ha −1 N, 47.04 kg ha −1 P 2 O 5 , and 59.95 kg ha −1 K 2 O, was approaching the upper limit of the optimal fertilizer combination. The maximum yields (1225-1750 kg ha −1 ) reported in the literature for subtropical humid regions were lower than our optimal yield 37 . In addition, the amounts of P fertilizer or K fertilizer applied in previous studies were greater than those applied in our study, with P > N > K or K > P > N 38, 39 . These results demonstrate that regions with different soil environments or climates and varieties with different characteristics necessitate different fertilizer combinations. It was evident that the present study was conducted under relatively semi-arid and low-fertility conditions, and the results were obtained with early-maturing varieties. If rain is abundant, fertility is high, and midlate-maturing varieties are used, the amount of P and K fertilizers applied should be appropriately increased, and the amount of N fertilizer should be reduced. Therefore, the yield response of different adzuki bean varieties in different regions to NPK fertilizer needs to be further explored.
In our production trials, the optimal fertilizer combination achieved results predicted by the model in Baicheng, although the same combination in the other three locations (Tongyu, Taonan and Zhenlai) did not, as these sites were affected by sandy loam soils and low-moisture conditions; however, the yields were still significantly greater than those in response to normal fertilizer. Our optimal fertilizer combination resulted in increased yields at multiple production sites in the region and could serve as a reference for producing high-yield-inducing fertilizer in semi-arid areas of other regions. Optimal fertilizer models for high production in normal regions could be investigated on the basis of this reference. Figure 5 . Implementations of the optimal fertilizer model. The trials were conducted at the four locations by comparing the optimal fertilizer combination with normal fertilizer. The data are the average of 2017-2018; the difference between the two years was not significant (P < 0.05).
An economical fertilizer combination was established on the basis of the best fertilizer combination. In consideration of the market fluctuation with respect to the cost of fertilizer and seed, a fertilizer model inclusive of cost-effectiveness was constructed to obtain high yields and economic benefits. The corresponding amounts of fertilizer were 57.6 kg ha −1 of N, 47.03 kg ha −1 of P 2 O 5 , and 31.64 kg ha −1 of K 2 O, although less K fertilizer should be applied than the optimal amount because of the relatively high price of K fertilizer. This economical fertilizer combination could promote the use of profitable fertilizer in future production of adzuki bean.
Conclusions
In our field research, the effects of various combinations of N, P, and K on yield and yield components were significant. According to the fertilizer model, K fertilization is an important strategy in the production of adzuki bean, as the yield and yield components were more sensitive to K fertilizer than to N and P fertilizers. The high yield achievements were intense at the 0.5 to 1.34 levels under the single and interaction effects and under the effects of the optimal combination of N, P, and K fertilizers. The effects of the combinations of N, P, and K fertilizers significantly influenced the yield more than the single or interaction effects of N, P, and K fertilizers did. The optimal fertilizer combination for achieving high yield comprised 57. 23 O; although this was the best combination, it approached the upper limit of the optimal fertilizer combination. The optimal fertilizer combination was successful in terms of production at multiple sites with chernozem and sandy loam soils. Thus, our research could provide a reference for producing high-yield-inducing fertilizer in semi-arid areas. The most economical fertilizer comprises 57.60 kg ha −1 N, 47.03 kg/ha −1 P 2 O 5 , and 31.64 kg ha −1 K 2 O, and its optimum ratio is N:P 2 O 5 :K 2 O = 1:0.82:0.55. The economical fertilizer combination could promote profitable fertilizer in the future production of adzuki bean.
Materials and Methods
Geographic design. Five-year-long (2014-2018) trials were conducted around the Kerqin grassland square, and four test sites were established in Baicheng, Zhenlai, Taonan and Tongyu of Jilin Province, China (one site at each location). The territory is the main production region of China. The test region had two soil types with low soil fertility. The soil at Baicheng was a chernozem, and the other three locations had sandy loam soils. This area has a temperate semi-arid continental monsoon climate, and the longitude and latitude of the area are 123° E, 45° N, respectively. The region has a daily mean temperature of 20 °C (0.8 °C above the average for the area), an annual sunshine duration of 1243.2 h, and an annual mean rainfall of 404.9 mm.
Field research data collection. Field trials were performed from 2014-2016 using the early-maturing adzuki bean variety Baihong 4 at the Baicheng Academy of Agricultural Sciences, Baicheng (45.62° N; 122.81° E), Jilin Province, China. The field trial consisted of 23 treatments of various N, P, and K combinations using a three-factor and five-level quadratic orthogonal rotation combination design (Table 4 ); this setup was in accordance with that of our previous study 40 . All treatments were repeated three times in completely randomized blocks for a total of 69 test plots. Each plot was 12 square metres in area and contained four rows, with ten seedlings metre −1 at a line spacing of 15 cm, and the row spacing was 60 cm. At the two-leaf stage, the plants were thinned to a uniform density of 180,000 plants ha −1 . The fertilizers were mixed and sprayed as seed fertilizers to a depth of 5 cm before the seeds were sown during middle May. The N fertilizer (urea containing 46% N and diammonium phosphate containing 17% N), P fertilizer (calcium superphosphate containing 12% P 2 O 5 and diammonium phosphate containing 47% P 2 O 5 ), and K fertilizer (potassium sulphate containing 50% K 2 O) used were obtained from Sinochem Jilin Changshan Fertilizer Co., Ltd. (Song Yuan, Jilin Province, China).
At the growth periods of the trails in 2014-2016, the temperature and sunshine duration were not affected yield achievement, with the proper field management (Fig. 6a, b ). During the flowering stage of July and August in 2014, 2015 and 2016, there was less rainfall than there had been in the corresponding months of previous years. Consequently, irrigation was applied once in July and then again in August (Fig. 6c ). Samples were hand-harvested when the plants reached maturity from each field plot. The yield and yield components were determined according to the metrics described in our previous work 40 . Model description. On the basis of the yield and yield components in response to the 23 treatments of N, P, and K fertilizers in the field research (Table 1) , regression equations were constructed to determine the relationships between each of N, P, and K fertilizers and the yield and yield components. Variance analyses were performed to test the fits of the equation models and to test the significance of the effects of the N, P, and K fertilizers on the yield and yield components. The single and interaction effects of the N, P, and K fertilizers were explored in addition to the three-factor combinations. The variable frequency distributions projected the performances of N, P, and K fertilizers in optimal fertilizer combinations in terms of high yield and yield components, and the 95% confidence intervals were calculated for the optimal N, P, and K fertilizer intervals. Table 4 . N, P, and K factor levels for adzuki bean. X 1j , X 2j , and X 3j correspond to levels of N, P 2 O 5 and K 2 O.
